The Baiu and Kuroshio Extension (KE) fronts, both zonally oriented and nearly collocated east of Japan, are the dominant summertime features of the atmosphere and ocean, respectively, over the mid-latitude Northwest Pacific. An atmospheric sounding campaign was conducted on R/V Roger Revelle during the 2005 summer. Transects of soundings across the KE front are analyzed to study its effects on the atmosphere, along with continuous surface-meteorological and ceilometer cloud-base observations. While the KE front remained nearly stationary during the cruise, the Baiu front displayed large meridional displacements that changed wind direction across the KE front. The presence of sharp sea surface temperature (SST) gradients anchored by the KE enhanced the thermal and moisture advection, causing substantial changes in the marine atmospheric boundary layer (MABL) structure. When the Baiu front was displaced north of the KE front, southwesterly winds advected warm, humid air from the subtropics over the cold water, producing a surface inversion in favor of fog formation. When the Baiu front was to the south, on the other hand, northerly winds across the KE front destabilized the MABL, leading to the formation of a solid low-cloud deck beneath a strong capping inversion. The wind changes with the meridional displacement of the Baiu front thus caused large variations in near-surface atmospheric stability and surface turbulent heat fluxes, with potential feedback on deep convection and fog/low-cloud formation around the front.
Introduction
Over the Northwest Pacific east of the Japanese main island Honshu, sea surface temperature (SST) exhibits rich structures associated with the Kuroshio Extension (KE) meanders and pinched-off meso-scale eddies between the northern edge of the subtropical gyre and Kuroshio-Oyashio Interfrontal Zone (see Figure 1 in Yasuda et al. 1996) . The narrow KE jet displays larger decadal variability (Nonaka et al. 2006; Taguchi et al. 2007 ) in response to basin-scale changes in surface wind curls (Schneider and Miller 2001; Qiu 2003) .
Strong ocean advection and the deep winter mixed layer allow subsurface variability to affect SST (Xie et al. 2000; Tomita et al. 2002) and surface heat flux (Tanimoto et al. 2003) . Strong SST gradients east of Japan maintain baroclinicity in the marine atmospheric boundary layers (MABL), which has been suggested as important for atmospheric storm tracks (Inatsu et al. 2003; Nakamura et al. 2004) . While most studies of the Kuroshio-atmosphere interaction have so far been based on models or model-assimilated analyses, in-situ vertical soundings of the atmosphere have been lacking, hampering the progress in characterizing and understanding the KE's influence on the atmosphere. Tokinaga et al. (2006) conducted Global Positioning System (GPS) sonde soundings over the KE region onboard research vessels during the 2003/04 winter. They report strong modulations of the atmospheric mixed layer by synoptic weather disturbances. The atmospheric mixed layer was found to develop as high as 1500 m with reduced vertical wind shear in response to the northerly cold advection across the KE front, in association with the passage of cold fronts. The southerly warm advection, by contrast, was found to suppress the mixed layer development with strong vertical wind shear. These results support that the mixed layer adjustment to changes in near-surface atmospheric stability causes positive correlation between SST and wind speed around the KE front (Nonaka and Xie 2003) and other extratropical SST fronts as observed by satellite microwave measurements (see recent reviews by Xie 2004, Chelton et al. 2004, and Small et al. 2008) .
During the 2005 summer we have carried out a similar atmospheric sounding campaign onboard research vessel (R/V) Roger Revelle over the KE region, complemented by continuous laser ceilometer and surface meteorological measurements. Drastically different from winter, the summer climate over the KE region is characterized by a convective rain band called the Baiu/Meiyu front and by an extensive low-cloud deck to the north that occupies the entire midlatitude/subpolar North Pacific (Klein and Hartmann 1993; Norris 1998b ). This low-cloud deck displays large temporal variability that is important for maintaining low-frequency SST anomalies during summer (Zhang et al. 1998; Norris 2000; Mochizuki and Awaji 2008) . Figure 1 depicts distributions of SST, surface winds and rainfall observed during our summer survey. In our study area (black box), the KE anchors a zonal SST front just east of o N), with SST decreasing from 23 to 20 o C just over ~100 km across the front.
The Baiu/Meiyu rain band extends from eastern China through our study area into the North Pacific with a general northeastward tilt. Southwesterly surface winds converge from the south onto the rain band where the subtropical warm/moist and subpolar cool/dry air masses meet. In our study area, a precipitation band and the associated strong surface southwesterlies tend to be confined to the warmer flank of the quasi-steady KE front, suggestive of an SST influences.
The present study reports on the results from the cruise survey during the 2005 summer over the KE region, where strong SST fronts are featured along the KE as well as to the north and south. To our knowledge, this is the first successful atmospheric sounding campaign under the summer Baiu front across the KE front. As pointed out by Ninomiya (1984) , the Baiu/Meiyu front over the East China Sea is characterized by pronounced meridional gradient of humidity rather than of temperature, while the front east of Japan accompanies strong meridional gradient not only of humidity but also of temperature. Our KESS cruise thus offers a unique opportunity to study the nature of interaction between the Baiu and KE fronts. As a first step, we focus on the effects of the KE front on the MABL structure including low clouds. On monthly mean, the atmospheric Baiu front was roughly collocated with the KE front in our study region, but the former displayed strong variability on the synoptic timescale. We show that the MABL experienced major changes as the atmospheric Baiu front moved north and south of the quasi-stationary KE front in the ocean.
While using soundings taken for a short period, mechanisms discussed in the present study may operate for the climatology and decadal variability near the KE front.
In the rest of the paper, Section 2 describes the field campaign and data. Section 3 describes the synoptic ocean and atmospheric conditions during the campaign and presents the observations results in vertical sections across the KE front. Section 4 discusses the implications for the Baiu. Section 5 is a summary and discussion.
Observations and data
As part of the Kuroshio Extension System Study (KESS; Donohue et al. 2008 (Fig. 2a) and cut across the cold eddy located just to the north of the KE front, while Line B was located west of the eddy but cut across the SST front of KE (Fig. 2b) . As expected from a large heat capacity of the ocean, SST was nearly the same during Periods A and B.
During the three-day period, the Baiu front stretched over several thousand kilometers from the lower Yangtze River in eastern China through Japan into the western North Pacific.
A close look into the JMA surface weather maps indicates that the Baiu front was located north of the KE front during Period A (Fig. 3a) and then displaced to its south during Period B (Fig. 3b) . As displayed in the satellite infrared (IR) images, Line A ( Fig. 3c) In association with the southward shift of the Baiu front from Period A to B, the lower atmosphere on the KE SST front at 35 o N 145 o E experienced rapid changes ( Fig. 2c) .
Specifically, the M-ANAL shows a large decrease in equivalent potential temperature ( During Period A prior to these rapid changes, surface winds were southwesterly and convergent across a meridional maximum of ! " e at 850 hPa (
) that was associated with moist air on the southern flank of the Baiu front (Fig. 2a) . This is rather similar to the monthly mean conditions in Fig. 1a . As a result of warm/moist advections by the southwesterlies, Figure 4a shows that a surface mixed layer with nearly uniform virtual potential temperature developed over the near-neutral regime on the warmer flank of the KE front (A8-A9) and stratification was still weak above the mixed layer top (at ~300 m) up to the bottom of the main inversion (at 1100 m or above). The greater turbulent mixing in the MABL over the near-neutral regime is indicated by a decrease in surface RH (Fig. 4c ) and a slight increase in surface wind speed (Fig. 4d ) in the section between A8 and A9 relative to the other sections north of A7 and south of A10. In 34. 8-35.6 o N, the ceilometer measurements identified a double cloud base at around 400 m and 1100 m, corresponding to the top of the mixed layer and the main inversion base, respectively (Fig. 4a) . In fact, the histogram of cloud base heights for a 6-hour period (a total of 360 ceilometer samples) just south of the KE front , and the radiation fluctuated between over 1000 Wm -2 and below 300 Wm -2 . It was partly sunny at A8 according to our field note. These results suggest the formation of scattered stratocumulus and/or shallow cumulus in the MABL on the warmer flank of the KE front in the presence of warm/moist southerly winds. These cloud types are climatologically prevalent in this region during summer (Norris 1998b ).
As mentioned in Section 3a, the southward-moving Baiu front at the surface was probably close to the ship at sounding locations of A10 and A11. The surface southerlies observed on the ship mean that the Baiu front at the surface was still to the north. The movement of the Baiu front may cause variations in vertical structure among the soundings south of the KE front. The increase in surface wind speed, decrease in surface relative humidity, and increase in cloud base height for A7-A9 all seem consistent with greater turbulent mixing in the MABL. A strong inversion develops at 1100 m, above which the free troposphere is dry. The soundings A10 and A11, by contrast, observe higher relative humidity up to higher levels at 1800m as well as at the bottom of the MABL probably due to meso-α features associated with the Baiu front nearby.
To the north of Station A8, a thin surface inversion formed as the southwesterly winds carried warm and moist air across the KE front over the cold ocean surface (Fig. 4a) . In this stable regime, both surface sensible and latent heat fluxes were downward because SAT and surface specific humidity were higher than SST and surface saturated specific humidity, respectively (Figs. 4b and 4e). 
c. Line B under surface northerlies
Along Line B, SST (blue curve in Fig. 7b ) displayed a steep front in 35. 4-36.0 o N between nearly uniform warm and cold pools. As evident in Fig. 7d , northeasterly winds of 3-5 ms -1 prevailed during the first half of the 24-hour transect, while southeasterlies of 3-5 ms -1 dominated during its second half. The northeasterlies brought cold air from the colder flank of the KE front, and the southeasterlies for the second half of Period B still advected cooler air from the region of the cold ocean eddy located southeast of the transect (Fig. 2b) .
The northeasterly cool advection was anomalous compared to the climatological southwesterlies during the Baiu season in this region (Fig. 1) . Correspondingly, the SAT profile was characteristic of cold advection (Fig. 7b) , nearly in equilibrium with SST on the colder flank and adjusting slowly to the rapid SST increase on the front and its warmer flank.
The SAT gradient was thus more relaxed than the SST gradient across the transit of Line B (red curve in Fig. 7b ). As a result, the near-surface stratification was close to being neutral or slightly unstable (-0.1 < S < 0.5 o C) on the colder flank of the SST front, while it was strongly unstable (1.5 < S < 2.5 o C) on its warmer flank. Correspondingly, surface sensible heat flux was upward to the south of the SST front, while it was diminished to its north. Nevertheless, Line B was located north of the Baiu front, where the MABL was topped by low clouds with their base at 400-800 m under a strong inversion at the 1000 m level (Fig. 7a) . Above the inversion RH was typically around 50%, while it exceeded 90% in the MABL above the mixed layer top at 600-700 m. In this moist layer, the ceilometer detected cloud base that was elevated south of the SST front relative to its north (800 m versus 600 m).
Immediately above the inversion, virtual potential temperature was almost uniform meridionally ( Fig. 7a) . Thus, the variations in the MABL temperature (from 298 to 295K) observed along Line B must reflect the effect of the SST front. Moving from the north across the SST front, we observed the inversion base elevated by 100 m and RH right underneath increased by 10%, likely due to the enhanced surface heat fluxes and vertical mixing on the warmer flank of the front. This rise in the inversion base due to the cool advection on the warm flank of the SST front is consistent with a mixed-layer model proposed by Schubert et al. (1979) . In their experiment of cool advection toward warm SST, a gradual SST increase accompanies a deepening of the MABL associated with enhanced heat supply from the ocean. and B4. At Station B3 (south of the SST front in the unstable surface regime), a layer between 700 and 900 m was saturated with moisture (gray curves in Fig. 8 ), indicating cloud formation below the main inversion. At Station B4 (north of the SST front in the near-neutral surface regime; black curves in Fig. 8 ), the lapse rate was about 6 o C(km) -1 in a layer between 600 and 750 m below the main inversion. It was close to the moist adiabatic lapse rate, suggestive of cloud formation in that nearly saturated layer (Fig. 7) as detected by the ceilometer (Fig. 7a) .
Owing to the reduced vertical mixing over low SST, the MABL at Station B4 was more strongly stratified than at B3. On the poleward flank of the SST front, higher RH in the cooler surface mixed layer probably helped lower the cloud base as observed.
The lower cloud base north of the KE front relative to its south is evident also in the time-height section of ceilometer backscatter intensity measured at 1-minute intervals ( km -1 sr -1 (blue shade in Fig. 9a ) spread in a wider vertical range, sometimes reaching all the way to the surface, indicating drizzles. Indeed, no surface rainfall was observed on the ship. Figure 9c compares histograms of the ceilometer cloud base height between the unstable and near-neutral surface regimes. As in Fig. 6 , totally 360 (6 hours) samples are used for each of the regimes. In a manner consistent with Fig. 9a , the cloud base height tends to be lower in the near-neutral regime than in the unstable regime, at 583 m and 749 m on average, respectively, and its standard deviation is larger in the near-neutral regime (114 m) than in the unstable regime (66 m). Occasionally in the near-neutral surface regime, no cloud base was identified (Fig. 9c) . These ceilometer statistics confirm the prevalence of broken, scattered clouds in the near-neutral surface regime on the colder flank of the SST front and that of a solid low-cloud deck in the unstable surface regime on its warmer flank.
MABL structure in and outside the Baiu front
Along the subtropical flank of the Baiu front, there is a rain band that often accompanies a deep moist layer, as detected by several soundings on Line A. Thus, the Baiu front separates a moist, subtropical air mass from a drier, subpolar air mass to the north. Figure 10a The sounding A6 indicates that two layers of 0-1700 m and 4500-6100 m were almost saturated, in which temperature roughly followed the moist adiabatic profile punctuated by six inversions at 4500, 2600, 1700, 1200, 600 and 100 m levels. All these inversions except the one near the surface were weak and likely to be caused by the differential advection of temperature and moisture. In contrast, the near-surface inversion formed as the warm tropical air blew across the SST front onto the cold eddy, as discussed earlier. High moisture contents in Sounding A6 were maintained by the southwesterly advection of a moist, subtropical air (Fig. 10b ) that became saturated probably due to a weak synoptic ascent associated with the Baiu front. In fact, satellite IR image indicates relatively high clouds at around A6 (not shown). In contrast, the subpolar sounding at B3 indicates a much drier condition below 3500m, where moisture was trapped mostly in the MABL with a thin cloud layer between 600 and 900 m capped by a strong inversion. A significant increase in dew point at 3500 m on a sounding at B3 indicates that the subtropical air mass still remained in the mid-troposphere.
Indeed, the meridional winds were northerly in a layer of 4800-6500 m but still southerly aloft.
The sharp contrasts in temperature, moisture and cloud distributions between the two soundings are mainly caused by the synoptic meridional displacement of the Baiu front. As the subtropical or subpolar air mass is being advected across the SST front, strong adjustments take place in the MABL as reflected in surface turbulent heat flux and vertical structures of temperature, moisture and cloud. Meridional thermal advection is important in the MBAL where large temperature differences (4-6 o C) are observed between Periods A and B. It is interesting to note that because of strong warm advection, the MABL is much warmer at A6 than B3, despite a much lower SST at the former station (17 vs. 23.5 o C). Importance of the meridional advection is also manifested as a more pronounced difference in MABL dew point temperature between A6 and B3.
Summary and discussion
We have analyzed atmospheric in-situ observations on the KESS-05 summer cruise to study the effects of the KE front on the MABL. The data include GPS sonde soundings, and continuous observations of surface meteorological variables and cloud base height with a laser ceilometer. These in-situ data are complemented with a suite of satellite observations and an operational meso-scale atmospheric analysis. The Baiu and KE fronts are the dominant summertime features of the atmosphere and ocean in the region, respectively. The KE front remained quite stationary during our study period, while the Baiu front moved substantially north and south on the synoptic weather timescale, accompanying sign reversals of the meridional component of surface winds. The presence of the strong SST front anchored by the KE enhances the effects of thermal and moisture advection by meridional winds, causing substantial changes in the MABL structure. The effects of the KE front on the MABL are illustrated with two cross-frontal transects.
Line A sampled the Baiu front, with a few soundings capturing a deep moist layer with temperatures nearly in the moist-adiabatic lapse rate. Robust southwesterly winds prevailed at the surface on Line A. As warm, humid subtropical air moved across the KE front onto cold water to the north, a surface inversion and a thick fog layer formed. The MABL stratification was highly stable, with downward surface sensible heat flux on the colder flank of the SST front. On the warmer flank, by contrast, the MABL stratification was nearly neutral, and stratocumulus (or shallow cumulus) clouds formed with elevated cloud base heights of either 300-600 m (the top of the surface mixed layer) or ~1000 m (bottom of the main inversion).
Measurements along Line B were carried out after the Baiu front had moved away to the south, sampling the subpolar air mass with a strong inversion capping a moist MABL.
Moderate northeasterlies prevailing north of the Baiu front advected the cold subpolar air across the KE front to the south. In this circumstance, the MABL stratification was highly unstable, activating surface turbulence to enhance heat and moisture supply from the warm ). Except RH, 60-minute running mean is shown. For RH, the original 1-minute interval is employed. 
